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After a broad introduction to the medical and biomechanical background and detailed review of 

orthotic devices, two newly developed lower limbs exoskeletons for paraplegics are presented in this 

study.  

There was found out the main challenges of designing devices for paraplegic walking can be 

summarized into three groups, stability and comfort, high efficiency or low energy consumption, 

dimensions and weight.  These all attributes have to be moreover considered and maintained during 

manufacturing of affordable device while setting a reasonable price of the final product. 

A new economical device for people with paraplegia which tackles all problems of the three groups 

is introduced in this work. The main idea of this device is based on HALO mechanism. HALO is a 

compact passive medial hip joint orthosis with contralateral hip and ankle linkage, which keeps the 

feet always parallel to the ground and assists swinging the leg. The medial hip joint is equipped with 

one actuator in the new design and the new active exoskeleton is called @halo.  

Due to this update, we can achieve more stable and smoother walking patterns with decreased 

energy consumption of the users, yet maintain its compact and lightweight features. It was proven by 

the results from preliminary experiments with able-bodied subjects during which the same device with 

and without actuator was evaluated. Waddling and excessive vertical elevation of the centre of gravity 

were decreased by 40% with significantly smaller standard deviations in case of the powered 

exoskeleton. There was 52% less energy spent by the user wearing @halo which was calculated from 

the vertical excursion difference. There was measured 38.5% bigger impulse in crutches while using 

passive orthosis, which produced bigger loads in upper extremities musculature. The inverse dynamics 

approach was chosen to calculate and investigate the loads applied to the upper extremities. The result 

of this calculation has proven that all main muscle groups are engaged more aggressively and indicate 

more energy consumption during passive walking. The new @halo device is the first powered 

exoskeleton for lower limbs with just one actuated degree of freedom for users with paraplegia. 
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2 List of labels and abbreviations 
 DESCRIPTION UNIT 

𝑥𝑖⃑⃑  ⃑ position vector of CoG of ith segment m 

𝑚𝑡𝑜𝑡𝑎𝑙 total mass of the subject together with device kg 

𝑚𝑖 mass of ith segment kg 

𝑟𝑆𝐺𝑅 
position vector from the glenohumeral joint to the marker on the tip 
of the crutch 

m 

𝑟𝑖 position vector from shoulder joint to the ith segment center of gravity m 

�⃗⃑⃑�𝐼𝑖 inertial moment due to ith segment Nm 

𝑃𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 power of the proximal segment of the joint W 

𝑃𝑑𝑖𝑠𝑡𝑎𝑙 power of the distal segment of the joint W 

�⃗�𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 Linear velocity of the proximal segment of the joint 𝑚 ∙ 𝑠−1 

�⃗�𝑑𝑖𝑠𝑡𝑎𝑙 Linear velocity of the distal segment of the joint 𝑚 ∙ 𝑠−1 

�⃑⃗⃑�𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 Angular velocity of the proximal segment of the joint 𝑟𝑎𝑑 ∙ 𝑠−1 

�⃑⃗⃑�𝑑𝑖𝑠𝑡𝑎𝑙 Angular velocity of the distal segment of the joint 𝑟𝑎𝑑 ∙ 𝑠−1 

�⃑⃗⃑�𝑠 angular velocity in glenohumeral joint 𝑟𝑎𝑑 ∙ 𝑠−1 

𝜏𝑆 = �⃗⃑⃑�𝑠   moment in a shoulder joint Nm 

�⃗⃑�𝑆 Power flow in glenohumeral joint (shoulder joint) W 

𝜃𝑠 Relative angle vector between upper arm segment and trunk segment rad 

𝑎𝑖  inertial acceleration of ith segment 𝑚 ∙ 𝑠−2 

𝑔 gravitational acceleration   𝑚 ∙ 𝑠−2 

�⃗�𝑠 Force vector acting in glenohumeral joint (shoulder joint) N 

�⃗�𝐺𝑅 Ground reaction force vector N 

𝑀𝑏𝑔 moment of output shaft from the bevel gearbox  Nm 

GRF Ground reaction force  

CoG Centre of gravity  

DoF Degree of freedom   
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3 Introduction 
Today’s products and research in the field of active assistive robotic devices for lower extremities 

are mostly focusing on adapting normal walking patterns, which means an increased number of 

degrees of freedom. This way we can achieve high stability and low metabolic costs, but the price is 

much higher and design can become bulky (Dollar a Herr 2008). A brief survey, conducted during 

international championship Czech Open 2015 - Para Table Tennis where were questioned nearly 50 

players in category TM1-5 (sitting classes), showed surprisingly very sceptic view of responders on 

current technology, nearly 80% answers were clearly pointing out imbalance between usefulness 

(efficiency), price and complexity of devices. These results clearly indicate the need for simplification 

and significant reduction of price in order to increase future demand and interest of users. The aim is 

rather focus on simple lightweight, compact and economically accessible solutions similar to reciprocal 

gait orthosis (RGO) or hip guidance orthosis (HGO) (Harvey et al. 1998), (Winchester et al. 1993). RGOs 

stabilize ankles, knees, hips, and trunk to provide upright posture and due to a reciprocal link between 

hip joints, more stable walking with reduced metabolic energy consumption can be achieved (Moore 

a Stallard 1991), (Rose 1979). It was found out, coupling contralateral joints is a good way how to 

increase the efficiency of paraplegic walking. A successful walking with these orthoses is however 

derived from upper body strength. Most of the users failed to continue using these devices outside 

therapeutic rooms due to inability to control horizontal pelvic rotation and hip flexion, which results 

in no symmetrical gait with large deviations in stride lengths and velocities. Balance and stability are 

maintained by use of crutches, this can produce big forces acting on upper limbs. Such excessive load 

can in case of long-term use lead to shoulder pain or the incidence of some diseases. Fear of falling 

due to low stability was reported as another factor of giving up regular independent walking (M.T. 

Karimi et al. 2011). The main aim is to develop an affordable actuated exoskeleton for users with 

complete or incomplete paraplegia which will provide them with smoother walking patterns, increased 

stability, reduced amount of the force applied on the upper limbs and decreased overall energy 

consumption. Thus the users can feel safe and comfortable, walk with quick adaptation and less effort 

and therefore decide to use such exoskeleton regularly in daily life. The new device will become 

everyday assistance for maintaining the better overall health of paraplegic users by introducing upright 

mobility in their lives. 

3.1 Objectives 

The process of determining the main objectives of design of device, was taken entirely from user’s 

perspective. According user’s needs we can divide these objectives into four groups:       

1. Walking with device must not be toil  

1.1. Efficiency - Energy consumption of users must be reduced to level close to normal walking. 

1.2. Modularity - User can decide whether to use passive or active setting of assistive device. 

2. Walking with device should be enjoyable and pleasant. Presence of fear is unacceptable: 

2.1. Stability - Fear from falling significantly reduces desire for everyday regular use. 

2.2. Safety - Safe means mainly increased stability and construction and control without failure.  

3. Comfort - Perfect fit and effective force transfers from device to user.   

Users must be independent, because the independence is as well the purpose of this device: 

3.1. Lightweight, easy to carry, compact device which is quick and easy to  

3.2. Don/Doff directly from a wheelchair are the key elements.   

4. Sorry, I am not a millionaire... yet. 

4.1. Economical, affordable solution for everyday use at home  

4.2. Maintenance free and robust design is enclosing the list of important features. 
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3.2 Medical and biomechanical background 

Some of the medical terminology used frequently in this work is explained here.  The main focus 

group are users after spinal cord injury. 

3.2.1 Spinal cord injury and the levels of the lesion 

The term ‘spinal cord injury’ refers to damage to the spinal cord resulting from trauma (e.g. a car 

crash) or from disease or degeneration (e.g. cancer). There is no reliable estimate of global prevalence, 

but estimated annual global incidence is 40 to 80 cases per million population. Up to 90% of these 

cases are due to traumatic causes, though the proportion of non-traumatic spinal cord injury appears 

to be growing according WHO Fact sheet N°384 November 2013. Symptoms of spinal cord injury 

depend on the severity of injury and its location on the spinal cord. Symptoms may include partial or 

complete loss of sensory function or motor control of arms, legs and/or body. The most severe spinal 

cord injury affects the systems that regulate bowel or bladder control, breathing, heart rate and blood 

pressure. Most people with spinal cord injury experience chronic pain. Tetraplegia (or quadriplegia) is 

impairment or loss of motor and/or sensory function in the cervical segments of spinal cord due to 

damage of neural elements in spine. Tetraplegia results in impairment of function in arms, trunk, legs, 

and pelvic organs. Paraplegia is impairment or loss of motor and/or sensory function in thoracic, 

lumbar, or sacral segments of spinal cord. Trunk, legs, pelvic organs may be involved while having 

paraplegia, but arm functionality is not affected.  

3.2.2 Focus Group  

The main focus group are the users with SCI T6 – T12 – symmetrical complete and incomplete 

paraplegia, hemiplegic group of the users however can be considered as well. The level of paralysis 

needs to be consulted with doctors and physiotherapists, who can give the best recommendation of 

proper solution for upright mobility.   

3.2.3 Gait analysis terminology 

The gait cycle consists of one stride. The stride generally begins with one leg initial contact (the heel 

strike of the stance leg – the first manikin in Figure 3.1 following by the loading response through the 

foot flat until the toe off where midstance begins. Terminal stance follows after midstance and ends 

by heel strike of swing leg - black left leg. Last part of stance phase is preswing which ends by toe off 

of stance leg. Swing phase consists of initial swing, mid swing and terminal swing. The initial swing 

starts just after the toe off of the stance leg. The gait cycle ends same as begins with the heel strike of 

the same foot. The stance phase is approximately 60% of the gait cycle, leaves swing phase just 40%. 

This applies to normal slow walking patterns. All attributes of gait cycle pattern including the proper 

naming of each event during stride are in Figure 3.1. 
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Figure 3.1 Gait cycle phases description and terms 

 Determinants of GAIT 

These factors are applied in normal human gait to minimize the excursion of the body’s COG and 

help produce forward progression with the least energy expenditure. The six determinants of gait are 

(Cuccurullo 2015):  

i. Pelvic rotation  

ii. Pelvic tilt  

iii. Knee flexion in stance phase  

iv. Foot mechanisms  

v. Knee mechanisms  

vi. Lateral displacement of the pelvis 

 Paraplegic passive walking   

Patients with complete loss of motor control of lower limbs can still walk using special passive 

orthotic devices if there is a will to do so.  The patients can walk with Scott-Craig orthoses or Reciprotial 

Gait Orthosis (RGO) and crutches or walker using a swing-to or swing-through patterns and thus 

ambulate with a four-point gait. 

 C posture stable static posture of Paraplegics   

Last to be mentioned in this chapter is special posture, which enables complete paraplegics to stand 

even without hip support. If the ankles and hips are locked while wearing for instance Scott-Craig 

orthosis than stable static position can be achieved by leaning the trunk backwards, creating so called 

C posture, moving the pelvis anteriorly and shifting the COG of the trunk posteriorly.    
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4 Orthoses and Exoskeletons for lower limbs 
Orthotic devices or braces are those applied externally on injured body parts. This means, orthotic 

device is not substitution of missing body part, in this case we talk about prosthesis.   

• Orthosis vs. Exoskeleton 

Besides of the word – orthosis – there is another term – exoskeleton – which is used in nowadays. 

Word Exoskeleton comes from the hard outer shell found on insects and certain animals, this was an 

inspiration in a process of naming devices which are closely attached to users body and augment users 

abilities, but would be incorrectly identified as orthoses.  

Logical difference between exoskeleton and orthosis for lower limbs can be understood as follows, 
(Dollar a Herr 2008): 

Exoskeleton for lower limbs is defined as a mechanical or electromechanical device that is 

essentially anthropomorphic in nature, is “worn” by an operator and fits closely to his or her body, and 

works in accordance with the user’s movements. In general, the term “exoskeleton” is used to describe 

a device that augments the performance of an able-bodied wearer.  

The term orthosis for lower limbs is typically used to describe a device that is used to increase the 

ambulatory ability of a person suffering from a leg pathology. 

• Active and passive orthosis and exoskeleton 

Active or powered devices is the device which receives an energy from some external source. In 

case of electromechanical design, this source is a battery. In case of pneumatic mechanism, 

compressed air is needed etc. 

The passive devices use an energy accumulated by a user. It can be the energy stored in springs or 

some mechanisms which use simply gravity or the energy harvested from different parts (joints) of the 

body.      

To conclude, the difference between the terms orthosis and exoskeleton seems to be quite clear. 

The word exoskeleton however became such popular, that we can’t generally follow this division. 

Many researchers are using name exoskeleton for lower extremities for devices specifically designed 

for rehabilitation or as assistive walking aids for paraplegics.  

Because there is no consistent rule, for the purpose of this thesis, terminology which complies with 

following rules will be followed: 

 Powered Exoskeleton  

Powered exoskeleton for lower extremities is anthropomorphic robotic device, which is tend to be 

universal to fit vast variety of the users, and can be intended to augment the performance of an able-

bodied users or daily performance of disabled users, who have to live with disability without much 

hope for improvement. This device has to be mobile, not fixed or stationary, as for instance 

rehabilitation robotic devices in rehabilitation centres. Powered exoskeleton for lower limbs can be 

mobility solution but does not need to be medical device 
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 Active Orthosis  

An active orthosis for lower extremities is powered anthropomorphic device, which is generally 

designed for the specific user. Such orthosis does not need to be a robotic device. Active orthoses 

generally are used for rehabilitation purpose and for users with lower limb paralysis, where an 

improvement of functionality is expected. Such device is generally categorized as a medical device. 

 Denotation of device to be developed within this work 

From above description, and from aims of this work, there will be now on used term Powered 

EXOSKELETON for newly invented device.       

4.1 Materials in orthotics 

Orthoses generally consists of parts form metal, plastic, see (Showers et al. 1985), rubber, different 

kind of textiles, composite materials with different kinds of fibres reinforcements and in older orthoses 

leather was commonly used. Some examples of materials, which can be used are in Table 4.1, as wide 

range of material modifications exists average values are mostly stated in this table. 

Table 4.1 Materials in Orthotics 

Material 
Type 

Description 

Density 
[kg/m³] 

Tensile 
strength 

yield [MPa] 

Flexural/ 
Modulus 
Elasticity 

[GPa] 

METALS 

Aluminium 2024-T3 * 
Basic strips 

2780 >= 290 73 
Mod. of E. 

 6061-T6 * 
Strong alloy for bigger payloads 

2700 276 69 
Mod. of E. 

 7075-T6 * 
Premium quality big payloads 

2810 462 71 
Mod. of E. 

Stainless Steel 17-4 - - - 

 303*, 316, 440 8000 240-1280 193 – 200 

Titanium Ti-6Al-4V 
Strength comparable to steel, but only 60% 
of the density. More resistant to corrosion. 

4430 950 114 

Magnesium 
alloys 

Very light weight, not very strong 1780 130 45 

PLASTICS 

Poly -  propylene Rigid, impact resistant, Various types 940 32 1,31 

Copolymer Rigid yet flexible 960 30 1,30 

LDPE More flexible and softer 920 10,7 0,217 

HDPE High durability and strength 960 26 1,1 

Kydex Superior formability, even more rigid 1350 39,6 2,48 

ABS High strength and stiffness economical 1006 41 1,86 

Iglidur J from 
IGUS 

Low wear and very low coef. of friction 1500 73 2,42 
Mod. of E. 

COMPOSITE fibres (Used prepreg materials with fibres reinforcements) 

Pre-preg Carbon 
fibres in epoxy 

resin* 

Bidirectional epoxy M9.6 - 3K 2x2 Twill 

Bidirectional epoxy M9.6 - 6K 2x2 Twill 

Unidirectional epoxy M9.6 G300 

*Values depends on number of layers and manufacturing procedure 
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4.2 Lower limb Passive Orthoses for individuals with paraplegia 

Two KAFOs and the swing-through walking gait can be the way for paraplegics to walk. Besides of 

two-legs-aligned walking gear, there are alternating walking (first one leg than another) orthoses 

available.     

We can divide alternating walking orthosis as follows: 

I. Two lateral hip joints 

 RGO (Reciprocal Gait orthosis)  

o Double cable RGO 

o Isocentric bar RGO  

o ARGO  (Advanced RGO)  

II. Medial single hip joint 

o Walkabout  

o Primewalk    

o HALO (Hip and Ankle Linked Orthosis) 

Characteristics and performance parameters to be investigated – summary: 

 Stability in anteroposterior and mediolateral direction 

 Energy consumption 

 Temporal parameters of gait – velocity, cadence, stride length 

 Spatial parameters  (COG) – waddling, vertical elevation,  anteroposterior excursion 

 Determinants of gait – pelvis rotation 

 DON and DOFF of device directly from a wheelchair 

 Dimensions and weight – proportions of device  

 Economically accessible – affordability  

 Appearance and aesthetics of device 

4.2.1 RGO 

RGO (Reciprocating Gait Orthosis) has two lateral hip joints, bilaterally attached HKAFO (bi-axial 

system). RGO has contralateral linkage between hip joints – flexion on one side is forcing extension on 

opposite side. RGOs stabilize ankles, knees, hips, and trunk to provide upright posture and due to a 

reciprocal link between hip joints, more stable walking with reduced metabolic energy consumption 

can be achieved (Moore and Stallard 1991), (Rose 1979). It was found out that coupling contralateral 

joints is a good way how to increase an efficiency of paraplegic walking. Upper body strength however 

determines a success of walking with these orthoses. There are several types of RGO, double cable 

RGO, classical isocentric bar RGO and advanced RGO (ARGO), (Baardman et al. 1997). ARGO has single 

push pull cable system and knee joint with pneumatic cylinder.  

Advantages and disadvantages of RGO: 

 Temporal parameters 

 Spatial parameters  

 Pelvic  rotation 15-20° 

 Trunk support 

 Hip axis alignment 

 Anteroposterior stability 

x Poor lateral stability 

x Hard to don/doff 

x Bulky and heavy 

x Aesthetically unattractive 
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4.2.2 Walkabout 

Walkabout is the first from the group of single medial hip joint orthosis. This group is characterized 

by no trunk support. All orthoses consist of two KAFOs connected with different types of medial hip 

joint. Walkabout is the simplest one with basic hinge type joint with stoppers. Centre of rotation in the 

hip is shifted below the hip axis and this makes the pelvis rotate more to compensate this shift, (Onogi 

et al. 2010).  

Advantages and disadvantages of Walkabout: 

 Mediolateral stability 

 Easy to Don/Doff 

 Light and compact 

 Affordable solution 

4.2.3 Primewalk  

Another single medial hip joint is slider type joint with stoppers - Japanese PRIMEWALK, (Onogi et 

al. 2010). Thanks to special curved guide and sliding mechanism virtual centre of rotation is shifted 

closer to the hip joint. The pelvic rotation is decreased due to this invention, but still not comparable 

with values of normal walking. Spatial-temporal parameters and energy consumption are better in 

comparison with Walkabout, but still not satisfactory in comparison with normal walking.  

  

Figure 4.1 Primewalk orthosis, explanation of pelvic rotation and principle of centre of rotation  

There are two factors why pelvic rotation still remain, (Genda et al. 2004): 

I. Lack of assisting mechanism for hip flexion 

II. Fixed ankle joint causes instability when the step length become longer. 

Advantages, disadvantages and neutral parameters of Primewalk: 

 Mediolateral stability 

 Easy to Don/Doff 

 Light and compact 

   

x Anteroposterior stability 

x Energy consumption    

x Spatial parameters 

x Temporal parameters 

x Pelvic rotation 

 

x Anteroposterior stability 

x Pelvic rotation 

- Temporal parameters 

- Spatial parameters 

- Energy consumption 

- Price 
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4.2.4 HALO Orthosis 

HALO (Hip Ankle Linkage Orthosis) is compact medial hip joint orthosis with contralateral hip and 

ankle linkage. These two joints are coupled by steel wire rope inserted in pulleys and Bowden. Each 

hip joint is equipped with one pulley. The dorsiflexion at one foot causes flexion of the opposite hip 

joint through the wire connected to the pulley. The joints linkage keeps feet always in parallel with the 

floor to avoid stumbling and assists swinging of the leg. This setting reduces pelvic rotation to a normal 

level and enables longer and more stable strides (Genda et al. 2004). However, the users have to 

usually undergo long training periods to master technique of walking, before using HALO orthosis 

independently. During development of the HALO orthosis several updates were made, one of them is 

putting Velcro fastening tapes on back side of thighs and calves to shift support bands on anterior side 

to make it easy to Don/Doff from the wheelchair.   

                    

Figure 4.2 HALO orthosis  

 

Figure 4.3 HALO orthosis description and principle of HALO joint 

 HALO principle  

Principle of walking with HALO orthosis is shown in Figure 4.4.  

When the dorsiflexion of the left ankle occurs, then:  

1. The wire connected to the left heel is pulled,  

2. the force in wire cause the left pulley at the hip joint rotate,  

3. this makes the right leg swing forward with the left pulley.  

4. The left leg extends relatively to the right leg and the left pulley rotates,  

5. the wire that connects with the right heel is pulled and causes right ankle plantarflexion, 

thanks to this the right foot is parallel to the ground.  

The rotation ratio between hip and ankle joint is set at 2:1 so that the feet are always parallel 

to the floor.  
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Figure 4.4 HALO orthosis walking principle 

Advantages, disadvantages and neutral parameters of HALO: 

 Mediolateral stability 

 Anteroposterior stability 

 Temporal parameters 

 Pelvic rotation in normal level 

 Light and compact 

 Easy to Don/Doff 

 Smooth gradual activation of ankle moments 

4.2.5 Evaluation of passive orthoses 

From characteristics and performance parameters, advantages and disadvantages of discussed 

passive orthoses is obvious dominance of Primewalk and HALO orthoses. Study focusing on 

comparison of Primewalk and HALO was conducted. Energy consumption, temporal parameters and 

pelvic rotation were investigated. According this study, the performance of users with HALO orthosis 

was in all aspects better, (Genda et al. 2010).  

Summarized results of comparison:  

• Temporal parameters 

• 10 m walking experiment at full speed 

• T9  - HALO - 35.0 m/min  - 2.5 x faster  

• T9  - PW     - 14.0 m/min 

• T7 – HALO - 24.8 m/min – 1.7 x faster 

• T7 – PW     - 14.3 m/min  

• Longer strides and cadence  

• Energy cost 

• 60% - T9 (PW: 29.0 J/kg/m, HALO: 17.8 J/kg/m) 

• 75% - T7 (PW: 21.4 J/kg/m, HALO: 16.0 J/kg/m) 

• Pelvic rotation in the horizontal plane  

• ± 30 for Primewalk 

• ± 10 degrees for HALO - within the range of normal gait 

4.3 Active Exoskeletons for paraplegics 

 REX  

The REX for Clinical Use and Personal Use is the premiere commercial exoskeleton for individuals 

with complete lower body paralysis. 

x Complex adjustment system 

 

- Anteroposterior stability 

- Spatial parameters 

- Energy consumption 

- Esthetics (redesign) 
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 Indego®  

The Indego® can be used for therapy as a gait training tool.  The Indego Personal can also be 

employed as a supplementary mobility aid to a wheelchair.  

 ExoGT 

The Ekso GT is a powered hip-knee medical rehabilitation exoskeleton developed by Ekso 

Bionics.   

 WPAL 

Another device is WPAL, this is tend to be mobility solution for people with paraplegia and has 

already demonstrated successful clinical trials (Hirano et al. 2012), (Tanabe et al. 2013). 

 ORTHOLEG 1.0  

Ortholeg is active exoskeleton for lower limbs designed for users of weight between 50 - 60 kg 

and height 1.55 - 1.65 meters, (Araújo et al. 2015).  

4.4 Requirement list 

The summary of the driving requirements of design of new exoskeleton based on review of orthotic 

devices from this chapter and the main objectives of this work is listed in Table 4.2. The summary of 

the driving requirements of design of new exoskeleton based on review of orthotic devices from this 

chapter and the main objectives of this work is listed in Table 4.2. The price limit was determined from 

manufacturing costs of orthotic devices for lower limbs and from the fact the final product must be 

affordable. One of the main objectives is independent usage of device including donning and doffing 

directly from the wheelchair. User needs to be able to safely manipulate with the device in order to 

fulfil this objective. Weight limits of the device needs to be set firstly to follow ergonomic standards of 

maximum loads of manual handling for disabled people on wheelchair (focus group) and secondly to 

maintain efficiency of the device (high power-weight ratio). From this two reasons, there is great 

emphasis placed on light weight of exoskeleton. The weight of user limit was derived from average 

weight of European man (according Wikipedia). 

Table 4.2 Requirement list 

Requirement  Value or description  

Mediolateral stability Walking independently without assistance 

Anteroposterior stability Walking independently without assistance  

Price max € 8000 

Weight of device max 10 Kg 

Weight of user up to 70 Kg 

Low energy consumption of user  Evaluated from vertical elevation of CoG 

Don/Doff independently from a wheelchair YES 

Modularity   Possibility of switching to passive option 
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5 Design of new Exoskeleton Ortholeg 2.0 
First new exoskeleton Ortholeg 2.0, which was designed by me for the purpose of this study is 

presented in this chapter. Project of designing of the exoskeleton Ortholeg 2.0, see  was performed in 

the Universidade Federal do Rio Grande do Norte (UFRN), Brazil and some of components were 

manufactured to test their actual functionality. Manufacturing processes and benefits of this new 

system are discussed in this chapter.   

  

Figure 5.1 Ortholeg 2.0 – CAD model and best-fit enhancements   

5.1 Used materials 

There were selected and purchased materials from Table 4.1. Main frame of device and joints are 

mainly from the aluminium 6061 and 7075. Some parts of fixtures and cuffs (connection parts to users) 

are made from High Density PE and Copolymer. Support and connection in lumbar region is made from 

more rigid Kydex. Joints and moving parts of mechanism are equipped by components from plastics 

Iglidur J with very low coefficient of friction. Components from Prepreg carbon were implemented for 

better energy transfer between user’s body and device.     

New Ortholeg is lighter, using modern materials of premium quality. Design using tubes and clamps 

makes it more compact, modular and secures best-fit for users of variable body proportions. Ankle and 

knee joint design is described in following sections of this paper.         

5.2 Ankle and Shoe insert 

Experiments on current design of Ortholeg have conclusively proven urgent need of flexible soles 

and ankles. Fixed ankle and rigid sole have negative impact on users gait cycle, on wearing comfort 

and consequently on power consumption of device itself. Thus study in field of construction of ankle 

which provides users with some degrees of freedom was triggered and in addition different sole 

materials, shapes and wearing options were probed. Analysis of the best design for our device was 

conducted concerning following criteria, manufacturing and overall price, user-friendly design, 

variability and adjustability, reliability, weight and size, wearing comfort and safety issues. Adjustable 
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unilateral joint was chosen as the best solution for Ortholeg 2.0, see Figure 5.2. Adjustable ankle joint 

contains compression springs. These springs job is to lift foot during swing phase. 

 

Figure 5.2 Final solution of ankle Joint 

5.3 Electronics 

Ortholeg 2.0 has same electronics as old version. Brushless DC motors (Maxon RE40, 150W) are 

connected to each hip and knee joints. The number of rotations performed by the motor is controlled 

by the motor controller (AX3500 Board). Controller keeps sending electrical current to rotate motor’s 

shaft until its encoder (connected to the AX3500 board) indicates value close to the desired one. This 

values are generated by a central computer (raspberrypi) according to a specific angle joint reference, 

also connected to the motor controller. When some force pull back the moving link against its on-going 

direction, the board generates more current to bypass that force and keep the movement going. 

Because this electrical power source comes from a portable battery, as more the desired movement is 

slowed by an external force, as faster the battery will run out of power. Control elements and batteries 

will be located in backpack of spinal brace, which is one of the main, so called best-fit, elements 

securing exoskeleton on user’s body, located on waist of user, see Figure 5.1. 

5.4 Best-fit enhancements  

Wider range of users can use Ortholeg 2.0 thanks to new adjustable elements, which were 

implemented in order to get as universal, modular, comfortable and user friendly device as possible, 

see Error! Reference source not found.. 

 Fixtures 

There are four fixtures made from prepreg carbon for shins and thighs. Manufacturing process of 

fixtures is same as for shoe inserts. There is small aluminum piece integrated for thread to be drilled 

in order to attach clamps.  

 Adjustable height 

For different height of users there is possibility to adjust length of shin part.  

 Adjustable width 

There is sliding adjustable back part in lumbar area. Slider is equipped with treaded rod connected 

to wheel for comfortable regulation which is easily done by user.        

 Brace 

Sinal orthosis with 0° of lumbar support curvature is just excellent component for easy wearing with 

maximum comfort. Lumbar universal orthosis is connected to Ortholeg construction through back part 

support which is made from Kydex polymer, see Figure 5.1.    



16 

6 New active exoskeleton @halo  
Second new active exoskeleton @halo and its passive version Halo are presented in this section. 

This part of work was performed in the Department of Robotics Science & Engineering of Chubu 

University, Japan. Mechanical design and control system of novel exoskeleton are explained and 

described in details in this chapter.    

6.1 Halo - device update 

HALO is a passive medial-hip-joint orthosis which consists of two KAFOs (Knee Ankle Foot Orthosis) 

connected by the special medial hip joint. The main idea of HALO is to harvest energy from ankle torque 

in order to assist swinging of contralateral leg and in addition avoid stumbling during walking. This is 

achieved by connecting the left and right ankle with hip joint using a pair of pulleys and steel wires in 

Bowden. The pulleys rotate on one shaft connecting left and right KAFO. The pulley which is paired 

with left ankle is connected to the right KAFO and vice versa,(Genda et al. 2004),for complete 

explanation of functionality see chapter 4. The benefits in comparison with other passive orthoses 

were presented in the Chapter 4. Passive orthoses HALO was chosen for further development, thanks 

to these advantages.  In order to improve some of the parameters such as energy consumption of users 

and stability, redesign of HALO was done and HALO joint was updated, see Figure 6.1.  New Halo is 

passive orthosis with small bevel gearbox implemented on a shaft in between pulleys. This update 

provides with an available input shaft, for an additional possibility to actuate hip axis. As it was already 

explained in the chapter 4 ankle joint and hip joint are interconnected by steel wire rope. The ratio of 

the radius of rotation of the hip joint and the ankle joint is 1:2, which means any torque applied in the 

hip joint is two times of this value in the ankle joint in case an efficiency of the steel wire rope in 

Bowden is considered to be 100%. Due to friction of the wire rope in the Bowden losses are expected. 

The efficiency of such mechanism is normally between 70-90%, due to nearly straight line between hip 

and ankle (no loops or bends), we estimate the efficiency to be around 85%.    

            

Figure 6.1 HALO orthoses (on the right) and new Halo with bevel gearbox (on the left) 

6.2 Calculation of hip and ankle moments by inverse dynamics 

Moments in an ankle and hip joint can be calculated using inverse dynamics after obtaining ground 

reaction forces data, position vectors and accelerations of each joint (ankle, knee and hip) and centre 

of gravity (COG) of each segment (foot, leg, and thigh) from experiments. 
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A comparison of the results of maximal moments in the hip and ankle joints during preliminary 

walking experiments (both subjects) with new Halo orthosis how it was calculated and according 

(Genda 2010) is listed in Table 6.1. Moreover, an average of the angular velocities of the hip and ankle 

joint were obtained from the Cortex software.  

Table 6.1 Comparison of the results of maximal moments and angular velocity in the hip and ankle 

 max. calc. moment 
subject 2 [Nm] 

max. calc. moment 
subject 2 [Nm] 

max. moment  
Genda et al. [Nm] 

calculated  
speed [rpm] 

Ankle 51.5 54.7 ≈48 12.5 

Hip 47.5 49.9 ≈63 21.2 

6.3 Mechanical design of powered exoskeleton @halo  

New Halo design together with an actuator unit is called @halo (active hip ankle linkage 

exoskeleton). New mechanical design is modular. Users can decide and easily switch between active 

or passive setting by unplugging the actuator unit.  A detailed description of the prototype of @halo 

exoskeleton and two models of @halo joint are in Figure 6.2. Right model of the joint represents 

simplified structure for better understanding of its functionality. 3D Models consist of white and black 

parts firmly assembled in two units or blocks which are mutually rotating.  

Black block (dark parts) consists of gearbox 1 case (cut section view) connected to the motor with 

gearbox 2, KAFO connector 1 with Bowden holder 1 and pulley 1. Motor with planetary gearbox 2 is 

connected via shaft coupling to a shaft on which rotates spiral bevel pinion.  KAFO connector 1 is the 

interface plate of the right KAFO. Bowden holder with holes for the steel wire is attached to this plate. 

Pulley 1 on the left side of the joint is through the steel wires linked to the left ankle and in addition, 

serves as the gearbox 1 case cover, which are firmly screwed together. Bevel gearbox 1 case is 

stiffening construction and augmenting rigidity of the main shaft, its compact cylindrical shape fits 

perfectly into the hand, thus serves as a grip for easy manipulating with the exoskeleton.     

White block (light parts) consists of the main shaft which is connected to a bevel gear. The spiral 

bevel gear is then firmly screwed to a pulley 2. This pulley is then linked to the right ankle. The main 

shaft is firmly attached at the end with KAFO connector plate 2.  Bowden holder 2 is connected to this 

plate and serves as a slideway. Holder was manufactured from POM plastic material, but self-

lubricating iglide® polymer from company Igus was tested for better performance. @halo joint main 

parts were manufactured from Aluminium 7075-T6, this material has superior properties and can 

sustain high payloads thanks to its high tensile strength. 

The device weight is 6.8 kg (without electronics). New @halo hip joint weight is 1.9 kg. The height 

of the device is adjustable, according to users’ body proportions.  

6.3.1 Selection of servomotor 

As it is explained in the Chapter 5, motor assistance is activated between double support and heel 

off during preswing phase, this indicates just partial assistance of the actuator for push off from the 

ground. Users are partially supporting this movement by crutches. This means, an important and 

driving element for the selection of appropriate motor is the ankle moment value. Ankle moment 

should be according the results from Table 6.1 between 51 to 55 Nm in order to be able overcome 

initial resistance and fully assist in forward progression. The moment of output shaft from the bevel 
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gearbox 𝑀𝑏𝑔 should be about 32 Nm obtained from the ratio between the ankle and the hip 2:1 and 

efficiency 85% according (6.1).         

 𝑀𝑏𝑔 =
55 𝑁𝑚

2 ∙ 0.85
≅ 32𝑁𝑚 (6.1) 

     

Figure 6.2 New @halo exoskeleton and @halo joint 

A servomotor combining the DC motor EC-powermax30 from Maxon and the planetary gear head 

GP42C was purchased for this application. The total weight of servomotor is about 0.75 [kg] and the 

total length of the combination (gearhead + DC motor + encoder) is about 152 [mm].  

 Selection of the motor 

According calculated torque, required for powering ankle joint DC motor EC-powermax30 from 

Maxon was chosen due to its satisfactory nominal speed and torque.  

Table 6.2 Motor maxon data (EC-powermax30) 

Power [W] 100 

Nominal voltage[V] 24 

Nominal speed [rpm] 16700 

Nominal Torque (max. continuous torque) [mNm] 63.3 

Nominal current (max. continuous current) [A] 5.45 

Stall torque [mNm] 1280 

Torque constant [mNm / A] 12.8 

Max permissible speed   25000 

weight [g] 165 

 Selection of the Gearhead 

Planetary Gearhead GP 42 C Ø42 mm, 3 - 15 Nm, Ceramic Version from company maxon was chosen 

for its high reduction ratio and satisfactory intermittent torque at gear output.  
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Table 6.3 Planetary gearhead GP 42 C 

Reduction  546:1 

Absolute reduction 546 

Max. motor shaft diameter [mm] 10 

Max. continuous torque [Nm] 15 

Max. intermittent torque at gear output [Nm] 22.5 

Max. efficiency [%]  64 

weight [g] 560 

 Selection of the encoder 

An incremental encoder (HEDL 5540) from the company Maxon is used for detecting the rotation 

angle of the actuator. Incremental encoders are inexpensive due to their simple structure, but 

calibration is needed when turning on the power to detect relative values. 

  Calculation of output torque and speed 

Calculation of the output torque and speed of the chosen actuator is summarized in Table 6.4. 

Table 6.4 output torque and speed summary 

 gear ratio 𝒊 efficiency  
𝜼 [%] 

torque 
output [Nm] 

speed  
output [rpm] 

Bowden-wire  2 85 54.7 12 

Bevel gear 1,5 98 32 24 

Gearhead 546 65 21.8 36 

Motor --------------- 90 0.063 19656 

6.4 @halo control unit 

Motor control hardware, connection layout and software are presented in this subchapter. The 

connection layout of the motor control unit is in Figure 6.3. The three main components of the system 

are PC with communication cards from company Interface corp., 4-Q-EC Servoamplifier DES 70/10 

from company Maxon and Electronic Commutation (EC) Servomotor from company Maxon. The DES 

(Digital EC Servoamplifier) is the efficient digital servoamplifier with sinusoidal current commutation 

for the control of EC motors.  

The PC is equipped by ADDA (analogue/digital, digital/analogue) board PCI-360116, counter, timer 

and digital input/output (DIO) card LPC-632104. The PC executes a motor control program and sends 

the command signal to the servoamplifier via ADDA board. ADDA board is connected to servoamplifier 

via differential input “Set value” which is set to the range -10 … +10 V.  The analogue signal is amplified 

by the servoamplifier and from there sent to the motor. Such a way the motor can be driven or 

regulated.     

A motor choke is inserted between the motor and servoamplifier to prevent overcurrent. There is 

just one motor, thus one actuated DOF, and two movements (dorsiflexion and plantarflexion) to be 

controlled. This is done by altering clockwise and counter-clockwise direction of the rotation of the 

motor output shaft.   

In order to obtain information about speed, angle and direction of rotation, the servomotor is 

equipped by the incremental encoder. To monitor this variables encoder is connected to 

servoamplifier by special port dedicated to encoder itself. For a closed loop position control (control 
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method is discussed later in this chapter), encoder is connected directly to the counter board as well. 

Pulse signal is received by the counter board and processed by control program which converts this 

signal to angle value. The output torque estimation is done from monitored output current of the 

motor. This current is multiplied by torque constant obtained from motor datasheet and the estimated 

torque is result which is presented in chapter 5. 

The servoamplifier was set for speed control during preliminary experiments, current control mode 

was however tested as well. If the “Digital 2” input is connected to a voltage higher than 2.4 VDC the 

servoamplifier is configured to speed controller mode. If the “Digital 2” input is connected to Gnd the 

servoamplifier is configured to current (torque) mode.  If the “Digital 1” input is connected to Gnd the 

actual motor speed is given to the “Monitor” output. If a voltage is given at “Digital 1”, the actual motor 

current is given to the “Monitor” output. The 3-Position Selector Switch is connected to “Digital 1”, 

“Digital 2” and to “Enable” input for switching between control modes and for ON/OFF motor 

command. The “Digital 2” button was switched on (connected to auxiliary voltage 5VDC) and speed 

control mode was activated during preliminary experiments. The “Digital 1” button was switched on 

(connected to auxiliary voltage 5VDC) and the actual motor current was monitored, received via ADDA 

board and processed by motor control program. Motor torque was estimated and evaluated from 

actual motor current value and the torque constant. An emergency button was installed and connected 

to “STOP” input of servoamplifier for the case of emergency. If a voltage is given at “STOP”, the motor 

speed will be stopped with maximum deceleration until motor shaft stands still. As an alternative, 

configuration and commanding of the servoamplifier also is possible over the PC using RS232 or CAN.  

This functionality was used and servoamplifier was connected via RS232 to PC in order to set quickly 

reproducibly and numerically parameters such as maximal speed, offset, gain or maximal current.       

There is OS Windows XP installed in the PC and program Visual C ++ 2010 was used to create motor 

control program to process input and output data collectively in the timer loop of sampling frequency 

100 [Hz] and sampling interval 100000 [ms].  

All system of the @halo prototype is stationary, connected to the mobile exoskeleton through set 

of wires and terminal boards. This kind of setting is not practical for real application and absolutely 

inadequate for everyday use. 

 

Figure 6.3 Connection layout of @halo control unit 
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One of the main directions of future development is creation of a compact mobile control unit 

powered by battery pack and embedded directly into the exoskeleton. As for testing purpose and proof 

of functionality of the idea however the prototype with stationary system was satisfactory.    

6.4.1 Servoamplifier 

As already mentioned 4-Q-EC Servoamplifier DES 70 / 10 from Maxon company was used in motor 

control system. The main advantage of this amplifier is possibility of switching between speed and 

current control modes. Speed control mode was used during preliminary experiments and current was 

monitored and stored.  More details about control are discussed later in this chapter and in the chapter 

5 as well. The specifications of the servo amplifier are summarized in Table 6.5. Servoamplifier DES 70 

/ 10 was chosen due to economic reasons, for the future development, use of different controller 

should be considered, the reasonable solution is for instance Maxon controller EPOS series.     

Table 6.5  4-Q-EC Servoamplifier DES 70/10 specification 

Characteristics  value 

Operating voltage VCC 24 - 70 VDC 

Max. output voltage 0.9 x VCC 

Max. output current Imax 30 A 

Continuous output current Icont 10 A 

weight 400 g 

6.4.2 Interface boards 

Two interface boards were used for signal processing. The LPC-632104 is counter board which 

provides four 32-bit multi-function counters. As each counter is isolated, it can be used for different 

functions. The PCI - 360116 is a high - speed 16 - bit ADDA board compatible with the PCI bus. The A/D 

conversion time is about 1 μs. 

6.5 Lofstrand crutch and integrated manual switch 

User wearing the @halo exoskeleton controls this device manually by pressing the switch 

integrated inside a moulded handpiece of the Lofstrand crutch, see Figure 6.4. This Manual switch is 

connected by wires directly to DIO card inside PC.    

 
Figure 6.4 Forearm crutch with integrated manual switch (DS-663) 

6.6  Control system of actuator  

Control system is discussed in this section, a block diagram of a closed loop position control and PI 

controller are described as well as motor control program and specific modes which user can use 

during walking with the @halo exoskeleton. 
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6.6.1 Block diagram of control system 

The closed loop position control system with a PI controller for less steady state error and smooth 

response is used for the motor control, the block diagram of the control system is presented in Figure 

6.5. The controller gains Kp, Ki, and Ks were tuned for a good tracking performance by Ziegler-Nichols 

Ultimate Gain method (Lee et al. 2015).The system controls hip angle by referring to the target angle.  

 

Figure 6.5  Block diagram of the @halo control system  

Where 𝜃𝑟: reference angle [deg], 𝜃: actual angle [deg], �̇�𝑐: control angular velocity [rpm],  

 𝐾𝑝: Proportional gain, 𝐾𝐼: integral gain, 𝐾𝑠: voltage conversion gain, 

  𝑉𝑟: Voltage value command [V], 𝑉𝑚: Motor drive voltage [V], 

6.6.2 Control parameters of PI controller  

In order to use the PI controller, it is necessary to set proportional gain Kp and integral gain KI. In 

this study, Ziegler-Nichols Ultimate Gain method was used to find these parameters.  

The first step of Ziegler-Nichols method is to find Ultimate gain Ku. We start with closed-loop system 

with only proportional controller and gain Kc (critical gain), integral gain KI is set to zero. Kc is set to very 

low value and gradually is increased until a steady-state oscillation occurs, such a way the gain called 

Ultimate gain Ku is obtained. For our application there was measured Ku= 1.8 with the period of 

oscillation Tu = 0.321. Based on these values, the control parameters are defined from Table 6.6. As 

the result the gains Kp=0.54 with TI = 0.27 and KI= 0.1 were used.   

Table 6.6 Ziegler-Nichols Ultimate Gain method 

Controller Kp TI TD 

P 0.5 Ku   

PI 0.45 Ku 0.83 Tu  

PID 0.6 Ku 0.5 Tu 0.125 Tu 

 



23 

7 Experiment procedure and set up 
Exoskeleton which meets requirements from the requirement list and which fits better the aims of 

this work is selected. Exoskeleton @halo was chosen as better solution. Walking with active @halo 

device and passive Halo orthosis was tested during preliminary experiments. All necessary details 

about experiments such as experimental set up, experimental trials, data acquisition techniques and 

description of equipment used during experiments are presented in this chapter. 

7.1  Selection of Exoskeleton for further research 

The better solution for further experiments with able-bodied subjects was selected according 

significance of requirement and degree of fulfilling requirement of each solution. Device @halo has 

nearly twice higher score in comparison with Ortholeg 2.0, according Table 7.1.   

Table 7.1 Selection of solution   

i Requirement Value or description 
Significance 

of req. 
@halo 

Ortholeg 
2.0 

1 
Mediolateral 
stability 

Walking independently 
without assistance 

2 2 0 

2 
Anteroposterior 
stability 

Walking independently 
without assistance  

2 2 1 

3 Price max 10000 USD 2 2 0 

4 Weight of device max 8 Kg 2 2 1 

5 Weight of user up to 70 Kg 2 2 2 

6 
Energy consumption 
of user  

Evaluated from vertical 
elevation of CoG 

2 1 2 

7 
Don/Doff directly 
from a wheelchair 

YES 1 2 0 

8 Modularity   
Possibility of switching 
to passive option 

1 2 1 

9 Walking pattern 
Natural pattern similar 
to normal walking  

1 0 2 

Result = ∑ 𝐒𝐢𝐠𝐧𝐢𝐟𝐢𝐜𝐚𝐧𝐜𝐞 ∗  𝐃𝐞𝐠𝐫𝐞𝐞 𝐨𝐟 𝐟𝐮𝐥𝐟𝐢𝐥𝐥𝐢𝐧𝐠 𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐦𝐞𝐧𝐭 𝟗
𝒊=𝟏   26 15 

Table 7.2 Degree of fulfilling requirement 

Degree of fulfilling requirement Description 

0 Does not satisfy requirement 

1 Partially satisfy requirement  

2 Completely satisfy requirement 
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7.2 Walking with Halo and @halo 

Experimental trials were conducted in order to verify the assist effect of @halo. The main aim of 

data analysis and acquisition from trials was comparison of the gait parameters between passive Halo 

setting and actuated @halo setting. The preliminary experiments were conducted with two able-

bodied subjects, their parameter are summarized in Table 7.3. 

Table 7.3 Subjects 

Parameters  Subject 1 Subject 2 

Height 1.724m 1.790m 

Weight 63 kg 65 kg 

Age 21 29 

 

Each subject conducted 30 trials with Halo and 30 trials with powered @halo. One trial consists of 

the full gait cycle, of one stride. The trial starts in posture one leg in front of another with 

approximately 30 degrees between legs. The data obtained from experiments were processed and 

evaluated in chapter 8.    

Due to specific HALO gait, there were many (hundreds) of trails conducted before recording 

evaluated strides. The subjects were trained by professional staff to adapt walking style with Halo in 

order to simulate the authentic movement of the lower and upper body, as it was performed by 

patients. The @halo exoskeleton was adjusted according to the height of subjects before the start of 

the experiments. There was no big difference between subjects’ heights, therefore the device was set 

for one configuration during all trials.         

7.3 Experimental setup 

The subjects accomplished experiments in an area which was monitored by six infrared motion 

tracking cameras Mac3D (Motion Analysis corp.) at frequency of 60 Hz. Four Kistler force plates with 

six DOF were situated in the middle of the room in order to measure the ground reaction forces (GRF) 

of both legs and both crutches. Twenty-five reflective markers were placed on anatomical landmarks 

of the subjects in a modified Helen-Hayes marker arrangement. Software Cortex was used to track 

trajectories of markers and the GRFs during experiments.  

Listed main components used during experiments are described in following subchapters, as 

illustrated in Figure 7.1: 

I. Motion tracking cameras Mac3D (Motion Analysis corp.) 

II. Control stand 1 - PC with cortex software for preprocessing of data  

III. Kistler force plates with six DOF 

IV. Control stand 2 – PC with @halo control hardware and software  

V. Tested device with user and crutches 
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Figure 7.1 Experimental setup 

7.4 Description of experiment trial 

Detailed description of one stride trial together with the actuator activation pattern is explained in 

Figure 7.2. Start of the trial was set from the heel/toe off of the left leg to the heel/toe off of the same 

leg. The angular velocity output in Figure 7.2 is matching the phases of the stride and represents 

counterclockwise and clockwise spinning of the shaft of the actuator.        

A switch button is pressed between double support and heel off during preswing phase, this 

indicates partial assistance of the actuator for push off from the ground and altering of the momentum 

of the body for the forward progression. Anterior shift of the total body COG is thanks to this assistance 

easier and smoother than in passive walking, this prevents backward bend and keeps upper body 

always forward. Users can feel safer and fear from falling is partially eliminated.          

7.5  Actuator output data during actuated gait cycle 

The Servomotor of the @halo device was programmed to follow angular velocity reference 

trajectory. The duration time of gait cycle was set to 2.8 s, in this time the motor spun about 90° 

clockwise and another 90° counter clockwise with the average torque 15Nm estimated from the motor 

current. The bevel gearbox with gear ratio 1.5 distributes and magnify this torque to the left and right 

KAFO. The generated torque at hip joint was increased to 22Nm in average, and the leg swung about 

60 degrees during half gait cycle. Starting position of trials was set to approximately 30°, a controlled 

swing of the leg then reached midswing phase (MS) in 0° and continued to -30° until double support 

(DS) where the motor changed the direction of rotation and the opposite leg continued gait cycle in 

the same fashion. 
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Figure 7.2 Preliminary experimental trial phases with motor activation pattern 

While legs were passing each other, KAFO connector plate was entering sildeway and thus axis of 

joint was subtly unloaded, this produced little drops of torque during MS as it is presented in Figure 

7.3. Description and detailed analysis of the results form experiments conducted in the Department of 

Robotics Science & Engineering of Chubu University, Japan, are presented in next chapter.          

 

Figure 7.3 Torque and angle in hip joint during one cycle with @halo device 
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8  Halo and @halo gait analysis  
Evaluation of walking pattern and gait parameters and processing of data obtained from software 

Cortex are presented in this chapter.    

8.1 Motion analysis and data processing  

Thirty trials with Halo and @halo device were conducted by two subjects. Position, velocity and 

acceleration data for each marker were obtained and preprocessed using software Cortex. In order to 

combine and pool data across all trials and from both users an ensemble average was introduced, 

(Robertson et al. 2004). The full trial cycle was defined from left foot toe-off to same foot toe-off.  As 

first the movement time was normalized, by resampling, it was done separately for Halo and @halo 

device at different times. Data were after resampling interpolated. Interpolation was done by quintic 

splining. Data obtained after interpolation were smoothed using Butterworth filter. All ensemble 

average was done manually in Python using functions either newly created or standard, defined in 

different packages (pandas, scipy).   

Data processing procedure of ensemble average using Python: 

a) Loading of raw data from Cortex software   

b) Split of data into three lists according axes  X, Y, Z  

c) Standardization of movement time - resampling  

d) Interpolation – splining  (quintic splines) 

e) Filtering – low pass 2nd order Butterworth filter  

 Butterworth filter is widely used in motion analysis 

 Can be modelled as 2nd order differential equation 

 Cut-off frequency was set ω0 = 5Hz 

f) Mean of all sixty normalised trials (each subject 30 trials) in three directions X, Y, Z.  

g) Result is ensemble averaged (3 lists X, Y, Z) of all trials separately for Halo and @halo. 

8.2 Step length 

The average step length for @halo was 23.82±1.42% of body height (%BH) and for Halo was 

22.31±3.87%BH. The step length of @halo was primarily controlled by the device. It is possible to adjust 

step duration by modifying the trajectory and period of actuation. This attribute gives active device 

advantage in significantly smaller deviations (p < 0.05).  

8.3 Velocities  

Walking with Halo was faster, the average velocity was 0.3±0.045 m/s. It took 2.7s for the stride. 

Actuated walking average speed was 0.27±0.022 m/s and the stride was done in 3s. The standard 

deviation with @halo was twice smaller (p < 0.05), and similar in comparison with data reported by 

(Oberg et al. 1993). Such findings can be interpreted such as stability of walking with @halo 

exoskeleton evaluated from velocity variations is comparable with slow walking of able-bodied 

individuals. 
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8.4 Center of gravity displacement 

As first a description of center of gravity (CoG) calculation is presented in this subchapter, as next, 

results of the CoG position during trials in all directions are discussed.   

8.4.1 CoG calculation procedure  

Quantitative biomechanical analysis of human movement, requires estimate of body segment 

inertial properties (BSIPs) such as mass, position of the center of gravity, principal radii of gyration, or 

moments of inertia. If the only known anthropomorphic parameters for our subjects are total mass 

and stature we can estimate mass properties and location of CoG of each segment from means 

obtained measuring cadavers of elderly males, for this work position of centers of gravity of each 

segment were calculated from bone lengths and average estimated locations as explained in (de Leva 

1996) and mass properties of each segment from total mass of subject and percentage of total mass 

as presented in (de Leva 1996).  Total body CoG location is consecutively calculated from the position 

of each segment’s CoG and masses according to equation (8.1), this equation is for walking with @halo 

device.   

 
𝐶𝑜𝐺𝑡𝑜𝑡𝑎𝑙 =

∑ 𝑚𝑖 ∙ 𝑥𝑖⃑⃑  ⃑
17
𝑖=1

𝑚𝑡𝑜𝑡𝑎𝑙
 

 

(8.1) 

Where mi is mass of a segment, 𝑥𝑖⃑⃑  ⃑ is position vector of CoG of the segment and 𝑚𝑡𝑜𝑡𝑎𝑙 is total mass 

of the subject together with the device. There are 17 segments considered in case of @halo device and 

16 segments for Halo setting. The extra segment for @halo represents actuator unit. In order to be as 

precise in calculations as possible there was the actuator unit position of CoG measured and added to 

the calculation of total body CoG as separate segment. The masses of KAFO orthoses were added to 

thigh, leg and foot segments masses. The same procedure was used for calculation of upper body (UB) 

CoG and lower body (LB) CoG, considering only segments included in these portions of the body.  

8.4.2 Evaluation of CoG displacement 

The initial position of subjects for stride trials was examined from the moment just after standing 

both legs on the floor with right leg in front and left leg backward. Thus the stride began just after first 

double support phase (DS). Second and final double support phases are indicated in Figure 8.1 by 

yellow vertical stripes.  

The change of CoG position in the anteroposterior (Sagittal) direction is shown in the first row of 

Figure 8.1. In the case of both actuated and passive settings, the CoG of LB is levelled off during double 

support period and the CoG of UB indicates steeper upward slope, this means trunk was tilted forward 

to balance out lower body onward movement, this is important prevention against falling backward. 

There is, however, a difference between the CoGs of LB of @halo and Halo during DS. The active torque 

in hip resulted in a smoother transition between single and double support phase by following the CoG 

of UB similar as it is in the case of normal walking where upper and lower body CoGs have almost 

identical trend. Wavier profile of @halo is due to short delay caused by manual servomotor activation. 

The standard deviation of the CoG of TB was more than twice smaller with the actuated configuration, 

(p<0.0001). The variation of CoG position of TB in horizontal direction or waddling was about 

15.2±1.68% without actuator and 9.1±0.51% of body height (%BH) with the @halo device. It is not 

possible that the waddling decreases to the level of normal walking since the walking manner is 

associated with locked knees and is essential in order to secure safe foot clearance from the floor. The 
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CoGs of UB and LB with Halo were oscillating with larger offset from the CoG of TB.  It means deeper 

tilting on the sides, which resulted in a need to apply bigger forces on the crutches. This is proven in 

the next chapter. The standard deviation significantly decreased with @halo (p<0.0001). This means 

promising stabilization in the longer distance walking with @halo. The vertical displacement of the CoG 

of TB during stride with Halo was 2.29±0.4%BH and it was decreased to 1.36±0.15%BH during actuator-

assisted walking, (p<0.0001) and this is close to a normal slow walking according to results from the 

study by (Orendurff et al. 2004). 

In the case of walking with Halo, the CoG displacement of LB was nearly constant during the first 

DS period, but UB fell rapidly down to forward bend to prepare for the next step. The following 

acceleration of upper body and thus increase of its momentum was then utilized by force impulse from 

the crutch and this was the result of the high increase of power in upper limbs. This enabled fast return 

of upper body in upright posture together with lower limb which continued to midswing and then to 

another DS period. Such big impulse from the crutches was not required while walking with @halo. It 

was due to active torque in hip and linkage mechanism which slightly augmented plantar and 

dorsiflexion of ankles in the later stage of DS period. It resulted in smaller forward and backward tilting 

of UB and smoother forward movement of TB as it is evident from the last row of Figure 8.1. 

 

 

 

Figure 8.1 Sagittal, horizontal and vertical CoG displacement 
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8.5 Linear force impulse from crutches and GRF 

Four force plates recorded ground reaction forces during the gait cycle. Two force plates were set 

for the right foot (RF) and the left foot (LF) and another two for the right crutch (RC) and the left crutch 

(LC). Results were analysed to compare the distribution of reaction forces acting on the lower limbs 

and extra forces which user has to apply on the crutches in order to stabilize the body. In this 

subchapter the ground reaction forces and their impulses are calculated and evaluated.   

8.5.1 Calculation of linear force impulse from crutches and GRF 

The linear impulse of force is defined as the integral of force over its period of application, this 

impulse changes the momentum of the body. The linear impulse is the area under a force history, it 

means it depends not only on amplitude, but as well on duration, (Robertson et al. 2004).    

8.5.2 Linear force impulse from crutches and GRF evaluation 

The GRF of the right foot was positive before the middle of the cycle, see Figure 8.2. Right foot 

acted as an accelerator of the walk with @halo due to active torque from the actuator. It helped easily 

overcome negative breaking GRF of LF caused by heel strike an instant before the middle of the cycle. 

No big assistance of the crutches was needed during this process in anteroposterior (AP) direction. In 

the case of Halo, the accelerating force was much smaller and the right foot together with the left foot 

were breaking during the middle of the stride. It was done due to forward leaning of the upper body. 

Peaks of the GRF in the crutches during actuator-assisted walking were almost twice smaller, but 

breaking and accelerating GRF impulses of limbs were larger due to active torque in the hip joint.  

 

Figure 8.2 Anteroposterior GRF 

The shift of body from left to the right tilt caused increase of the GRF of RF at the beginning of stride 

with Halo which can be seen in Figure 8.3. Left crutch then boosted this movement so the GRF vector 

of RF turned to positive direction and LF could leave the ground. During midswing, the right crutch 

impulse acted in opposite direction in order to return the body back to the center position. During 

heel-strike of LF, load on RF was continuously declining due to intensification of force in RC. These 

results were caused by excessive waddling, which was compensated by the crutches. It can be noticed 

that very different trend is found in the GRF of RC in the case of @halo. There was smaller impulse 

needed to balance the body in mediolateral (ML) direction. In the single leg support period, the GRF 

trend of the feet was more stabilized and less oscillating with @halo. It means the stability in the stance 

phase was better with @halo. Vertical GRF with @halo had smooth transition between right and left 

foot in the middle of stride, see Figure 8.4. There was the uniform decrease of the reaction force from 

the left crutch and gradual increase in the right crutch, while no significant increase was recorded 

during period from LF heel strike to RF toe-off. 
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Figure 8.3 Mediolateral GRF 

It represents absence of need using the crutch impulse to alter the momentum of the body for its 

forward progression. This is done by energy coming from the actuator. The drawback is, however, 

bigger heel strike forces which is corresponding to results in anteroposterior direction. Walking with 

Halo is clearly more demanding, due to insufficient load transfer from the right to left foot. In order to 

shift body ahead big increase of the GRF of the right crutch just before the middle of the stride was 

required as can be seen in Figure 8.4.  

 

Figure 8.4 Vertical GRF 

There is a significant difference between GRF S.D. from crutches of trials with Halo and @halo, 

(p<0.05). These values together with total impulses per stride are presented in Table 8.1. 

Table 8.1 Forces and total impulses in crutches 

Device 
configuration 

Mean F 
[%BW] 

S.D.  
[%BW] 

max F 
[%BW] 

Impulse 
[%BWs] 

total 
impulse 
per 
stride 

 

 @halo 
left -2 0.3 -2.91 3.32 

5.97 

A
P

 d
ir

ec
ti

o
n

 

right -1.81 0.31 -3.89 2.65 

Halo 
left -2.34 0.96 -4.98 3.3 

6.54 
right -2.39 0.93 -6.98 3.24 

 @halo 
left 3.7 0.5 5.05 6.2 

11.38 

M
L 

d
ir

ec
ti

o
n

 

right 3.9 0.58 6.5 -5.18 

Halo 
left 4.01 0.67 8.84 5.83 

12.5 
right 5.01 1.2 9.33 -6.67 

 @halo 
left 17.6 2.1 26.3 29.24 

49.56 

V
er

ti
ca

l 

d
ir

ec
t.

 

right 15.21 1.96 24.7 20.32 

Halo 
left 32.99 4.95 52.4 44.33 

80.58 
right 29 7.25 43.2 36.25 
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Inertia Coriolis Gravity 
Measured 
forces 

8.6 Moments and forces in glenohumeral joint  

HALO walking pattern, and walking patterns of any passive and active orthoses or exoskeletons 

which require crutch assistance is causing excessive loads in upper extremities, and especially in the 

glenohumeral joint. Patients are often complaining about overloading shoulders during rehabilitation. 

It is essential, to investigate this conditions in order to be able to reduce the forces and moments 

applied on the upper extremities musculature and thus decrease the incidence of some diseases as 

well as shoulder pain.    

8.6.1 Inverse dynamics model of the human upper extremity 

The right-hand side of the equation of motion in a form normally used for robotics (8.2) represents 

known variables. Moments of inertia of all segments as well its Coriolis and gravitational forces are 

known and GRF are measured using force plates as described in previous subchapter.       

  𝐽𝑜𝑖𝑛𝑡  𝑡𝑜𝑟𝑞𝑢𝑒𝑠      [

𝜏1

…
𝜏𝑥

] = 𝑀(𝑞)�̈� + 𝐶(𝑞, �̇�)�̇� + 𝐺(𝑞) + 𝐵(𝑞) [
𝐺𝑅𝐹1

…
𝐺𝑅𝐹𝑥

] (8.2) 

 

 

 An inverse dynamic model of the upper extremity with the crutch was formulated after measuring 

GRFs from crutches, (Requejo et al. 2005) and (Slavens et al. 2010). Using this model we can determine 

load in glenohumeral joint of upper extremities during crutch-assisted gait with active setting @halo 

and passive setting Halo. After calculation of the moments and forces, comparison and evaluation of 

actuated and passive walking impact on shoulders can be done. The result will indicate the suitability 

of long-term usage of devices.      

 

Figure 8.5 Upper extremity with crutch - inverse dynamic model 

Loads in glenohumeral joint Fs and Ms can be calculated using following equations: 

  �⃗�𝑠 = �⃗�𝐺𝑅 + ∑𝑚𝑖(�⃗� − �⃗�𝑖)

4

𝑖=1

 (8.3) 

 �⃗⃑⃑�𝑠 = 𝑟𝑆𝐺𝑅  × �⃗�𝐺𝑅 + ∑𝑟𝑖 × 𝑚𝑖(�⃗� − �⃗�𝑖)

4

𝑖=1

− ∑�⃗⃑⃑�𝐼𝑖

4

𝑖=1

 (8.4) 
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Where the ground reaction force was obtained from measurement, mi is ith segment mass, ai and g 

are inertial and gravitational accelerations, �⃗⃑�𝑺𝑮𝑹 is position vector from the glenohumeral joint to the 

marker on the tip of the crutch (black spot) and �⃗⃑�𝒊 is position vector from the glenohumeral joint to 

the ith segment center of gravity and finally  �⃗⃑⃑⃑�𝑰𝒊 is inertial moment due to ith segment, see Figure 8.5.    

These equations were defined as functions in Python and loads in the left and right shoulder were 

calculated. During calculations, there was found out, movement of the shoulder with the crutch during 

loading phase is such slow, that can be considered as quasistatic. Resultant moments and forces 

calculated with inertial moments were almost same as those where these moments were omitted. 

Force results are in % of body weight (%BW) and moments are in % of the body weight times body 

height (%BW*BH).  

8.6.2 Results and Evaluation of forces in Glenohumeral joint  

As it can be seen in Figure 8.6 forces in glenohumeral joint are not very different from GRFs 

presented earlier in this chapter.   

 

 

Figure 8.6 Joint reaction forces in anteroposterior, mediolateral and vertical direction in left 
shoulder (LS) joint and right shoulder (RS) joint during walking with Halo and @halo device 

Anteroposterior forces in the glenohumeral 

joint are larger with the steeper increase and 

sharper peaks during walking with Halo. Left 

shoulder undergoes nearly twice smaller forces 

in this direction while wearing @halo powered 

exoskeleton. About 1/3 larger excessive forces 

acting in right shoulder while walking with Halo.  

A similar situation is in mediolateral 

direction. Force peaks are more than 1/3 

larger and sharper, with uncomfortable 

steep, fast increase.     

As it was presented previously, the reaction 

forces in the vertical direction will the most 

significantly influence long-term use comfort 

and safety. As can be noticed Left shoulder is 

overloaded by nearly twice larger force peak 

while walking with Halo, this may have negative 

effect on trapezius muscles.         
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8.6.3 Results and Evaluation of moments in Glenohumeral joint  

In this subchapter will be briefly presented how the moments in the glenohumeral joints affected 

upper limbs musculature differently with the actuated and with the passive device, see Figure 8.7.  

 

 

 

Figure 8.7 Joint reaction moments about anteroposterior, horizontal a vertical axis in left shoulder 
(LS) joint and right shoulder (RS) joint during walking with Halo and @halo device 

  

Abduction moment in the left shoulder joint is 

larger with the steeper increase and sharper 

peak, this negatively influences the 

functionality of deltoid muscles and may cause 

their continuous tiring during every-day use. 

The smoother trend can be seen while wearing 

@halo.   

Extension moment acts in shoulder joint while 

supporting the body in forward progression. 

Nearly twice larger extension moments were 

calculated while walking without the actuator. 

This fact may cause pain or overloading of 

latissimus dorsi muscles during everyday use.   

The excessive lateral rotation was calculated in 

right glenohumeral joint during terminal swing. 

Rotation occurs due to excessive waddling which 

is larger in case of walking with the Halo orthosis. 

As well here is obvious smoother trend and 

smaller peak while using active @halo 

exoskeleton. 
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8.7 Glenohumeral joint power 

Glenohumeral joint power represents the rate of work at which shoulder muscles remove or add 

energy to the system. If resultant power is positive, then muscles are adding energy to the system, 

muscles are contracting, and negative power means removing energy, (Robertson et al. 2004). By 

calculating power in the shoulder, we can compare energy consumption of upper extremities while 

walking with powered or with the passive orthosis.     

8.7.1 Calculation of Glenohumeral Joint Power  

Shoulder joint power is given by equation:    

 �⃗⃑�𝑆 = 𝑃𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 + 𝑃𝑑𝑖𝑠𝑡𝑎𝑙 (8.5) 

Where 𝑃𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 is the power of the proximal segment of the joint at the shoulder joint, which is 

trunk segment and 𝑃𝑑𝑖𝑠𝑡𝑎𝑙  is the power of the distal segment of the joint at the shoulder joint, which 

is upper arm segment. Now, after application of Newton’s third law of equal and opposite forces and 

moments on both sides, we got following equation: 

 �⃗⃑�𝑆 = (�⃗�𝑆 ∙ �⃗�𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙) + (𝜏𝑆 ∙ �⃑⃗⃑�𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙) + (−�⃗�𝑆 ∙ �⃗�𝑑𝑖𝑠𝑡𝑎𝑙 − 𝜏𝑆 ∙ �⃑⃗⃑�𝑑𝑖𝑠𝑡𝑎𝑙) (8.6) 

If we simplify this equation by assumption there is no shoulder dislocation and thus  �⃗�𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 = 

�⃗�𝑑𝑖𝑠𝑡𝑎𝑙  (for our purpose of comparison between two similar walking patterns this assumption is 

considered to be sufficient), then we can further simplify to 

 �⃗⃑�𝑆 = (𝜏𝑆 ∙ �⃑⃗⃑�𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙) + (−𝜏𝑆 ∙ �⃑⃗⃑�𝑑𝑖𝑠𝑡𝑎𝑙)    =>   �⃗⃑�𝑆 = 𝜏𝑆 ∙ (�⃑⃗⃑�𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 − �⃑⃗⃑�𝑑𝑖𝑠𝑡𝑎𝑙) (8.7) 

This equation can be further simplified to final simple equation:  

 �⃗⃑�𝑆 = 𝜏𝑆 ∙ �⃑⃗⃑�𝑠 (8.8) 

Where �⃑⃗⃑�𝑠 is angular velocity in glenohumeral joint and 𝜏𝑆 = �⃗⃑⃑�𝑠 (moment in shoulder calculated in 

previous subchapter). Data of angle values in each time frame were obtained from all trials from 

software Cortex, angular velocity was calculated in python using simple discrete difference:       

 �⃑⃗⃑�𝑠 =
∆𝜃𝑠

∆𝑡
 (8.9) 

8.7.2 Results and Evaluation of Glenohumeral joint Power 

Work done by muscles and power needed to give an impulse, alter momentum and push body 

forward to another step was calculated. Muscles activation and distribution of power in glenohumeral 

joint is presented and discussed in Figure 8.8.    
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Figure 8.8 Joint Power in  anteroposterior, horizontal a vertical  axis in left  shoulder (LS) joint and 
right shoulder (RS) joint during walking with Halo and @halo device  

There were small fluctuations measured in 

anteroposterior direction and overall no big 

difference in power consumption 

generated in shoulders while wearing both 

Halo and @halo.    

  

Higher joint power values in mediolateral 

direction are associated with work of 

deltoid muscles. Excessive waddling is larger 

for Halo walking, thus bigger power is 

needed to stabilize body. Minor energy 

consumption was demonstrated while 

walking with powered @halo device.  

Energy consumption and power calculated in 

vertical direction is mainly associated with 

the work of trapezius muscles due to sudden 

elevation and following retraction of 

shoulders while leaning on the crutches 

during the swing phase. Engaging of these 

muscles is more aggressive while walking 

passively without actuator and costs user 

more energy.        
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9 Conclusions 
Two new lower limbs exoskeletons for paraplegics were presented in this study, the main aim was 

to find the solution which is affordable, lightweight, stable, with low energy consumption and easy to 

don/doff directly from a wheelchair. These attributes were entirely matching with the @halo. This was 

the reason, why @halo device was further tested with able-bodied subjects and its performance was 

evaluated in the details. Brief conclusion about ORTHOLEG 2.0 and more detailed conclusion about 

@halo device are discussed in this chapter.    

9.1 Exoskeleton ORTHOLEG 2.0  

The main objective of redesign of ORTHOLEG was the development of lighter lower limbs 

exoskeleton which construction will decrease battery consumption and increase users comfort during 

walking. The weight of the whole device was decreased by 1/3 from original prototype to 11,5 kg while 

the weight of user allowed to wear Ortholeg 2.0 was increased by 10 kg to 70 kg. Gait cycle is now 

smoother and more natural thanks to new shoe inserts made from strong but flexible prepreg carbon. 

Energy transfer from exoskeleton to users legs and body was improved thanks to better fixtures made 

from prepreg carbon and Kydex polymer. Wires from actuators and sensory subsystem (for future 

implementation) connected to control electronics in the backpack can be easily hidden thanks to the 

construction of main frame made from pipes. The modular knee concept was implemented in order to 

test differences in power consumption and user’s comfort during walking with passive or actuated 

knee. After manufacturing of all components, experiments on both settings and power consumption 

are planned as well as testing of gait cycle algorithms in order to determine the impact of design on 

walking patterns. 

9.2 Exoskeleton @halo  

The novel powered exoskeleton @halo was invented based on the passive HALO orthosis walking 

pattern principle. The New @halo exoskeleton has just one powered DOF and its structure is modular. 

The user can simply remove actuator unit and walk passively without motor assistance, the passive 

setting without actuator was for better differentiating called Halo. In order to examine the 

performance of active @halo, there were preliminary experiments with able-bodied subject conducted 

and walking patterns of Halo and @halo were compared and evaluated.     

Walking with Halo was faster than with @halo but step length was slightly longer with active 

configuration. Standard deviations, however, were remarkably higher while walking without the 

actuator. This is due to partially predetermined walking patterns of @halo, influenced by constant 

actuated periods. These results can be summarized as walking with the actuator is expected to be 

more stable for longer distances and probability of fall is expected to be lower,(SHINODA et al. 2008).      

Ranges of vertical excursion of CoG during stride are compared and summarized in Table 9.1 with 

overall significance (p<0.0001). There is 40% decrease of excessive up-down movement in case of 

@halo. If we simplify energy consumption assessment we can calculate decrease of the power 

consumption per moving distance due to smaller up-down movement from the vertical excursion, 

Equation (9.1), (Lee et al. 2015). 
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 𝑃 =
𝑚 ∙ 𝑔 ∙ 𝑧

𝑇
 [𝑁𝑚/𝑠] (9.1) 

Where 𝑧 is the vertical excursion,  𝑚 ∙ 𝑔 is weight and T is the time period of the cycle.  Average 

weight was constant, thus can be excluded from equation and calculation can be for comparison 

reasons further simplified to the vertical excursion in %BH per second.  The results show that walking 

with actuator required 51.65% less energy spent by the user, see Table 9.1. The range of waddling 

during walking with @halo was decreased by 40% in comparison with Halo configuration. Waddling is 

still about twice larger than during normal slow walking (Orendurff et al. 2004), this is however not 

possible to diminish due to the construction of medial-hip-joint orthosis with locked knees. 

Table 9.1 Ranges of COG displacement and energy consumption   

Device Waddling 
(%BH) 

vertical 
excursion 
(%BH) 

%BH/s 

halo 15.32 2.29 0.848 

@halo 9.16 1.36 0.438 

comparison -40.21% -40.61% -51.65% 

 

There was measured 38.5% bigger impulse in crutches in the vertical direction while walking 

without the motor. This difference was greatly compensated by upper limbs excessive energy 

expenditure. This was proven by calculating and evaluating moments and joint power in the 

glenohumeral joint. Abduction moment in the left shoulder joint may negatively influences 

functionality of deltoid muscles and may cause their continuous tiring during every-day use, the prove 

is calculated higher joint power values in mediolateral direction, this can be significantly eliminated by 

switching to powered @halo.  Nearly twice larger extension moments were calculated while walking 

without the actuator. This fact may cause pain or overloading of latissimus dorsi muscles during 

everyday use. After calculating power in vertical direction there was found out engaging of trapezius 

muscles is more aggressive while walking passively without actuator and costs user more energy. After 

calculation of the power flow in the glenohumeral joint it can be summarized, all main muscle groups 

are engaged more aggressively and indicate more energy consumption. Walking with @halo means 

significant reduction of the forces applied on the upper extremities musculature and thus decrease the 

incidence of some diseases as well as shoulder pain. 

9.3 Contribution for scientific discipline 

New designs of two exoskeletons were discussed and exoskeleton @halo has been chosen. 

Mechanical design of @halo, electronic hardware and software were newly created in order to be able 

to conduct evaluation of the first functional prototype. The core of this evaluation consists of 

biomechanical methods described in details step by step in this work. Over 500 experimental trials 

were conducted in the laboratory setting. A specified data collection using motion analysis system and 

their further processing was demonstrated. Data processing was done in the programming language 

Python after pre-processing in software cortex, new code was written for this purpose. Different kinds 

of scientific approaches were considered. As specifically, all processes to obtain the ensemble averages 

were described and applied to investigate the displacement of the COG of the body and GRF applied 

on the crutches. The inverse dynamics approach was chosen and explained to calculate and investigate 

the loads applied on the upper extremities during preliminary experiments.       
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To conclude, this work contains complete and unique methodology of inventing new product from 

the field of assistive and medical robotics and validating its functionality, efficiency and safety for the 

end-users.            

9.4 Contribution for practice 

The main two advantages and features of @halo are affordability and stability, and the most 

important factor for the user of this device is the intensity of usage. The first two attributes are in 

technical contradiction because to make exoskeleton for lower limbs stable requires more control 

advancements and usually more degrees of freedom and thus more expensive components. The new 

device was designed for people with paraplegia. As it was discussed in the introduction of this chapter 

the life of the people with some form of paraplegia or tetraplegia changes rapidly, school enrolment 

and employment rate drop significantly with a global unemployment rate of more than 60% and 

substantial individual and societal costs emerge. From this statistical report done by World Health 

Organisation, it’s obvious, that the key factor is the price of the device. The second key element is 

stability. Fear of falling due to low stability was reported as another factor of giving up regular 

independent walking as discussed in the introduction chapter. 

To conclude, @halo is an economical solution due to maximal reduction of powered DOF and 

control complexity and due to unique construction is at the same time performing well in the terms of 

stable walking patterns. This makes @halo good candidate for practical everyday home use and thus 

increases the intensity of actually walking and being in the upright posture, which is so important for 

the better overall health of people with paraplegia.  

9.5 Recommendation for further research 

There is not possible to consider this system plugged in the stationary external controller as it is 

now. Compact lightweight embedded control unit with the battery pack as a part of portable 

exoskeleton needs to designed and programed as the first step of further development.  

The crucial is testing of the device with actual aiming group. Walking patterns of the able-bodied 

subjects wearing @halo exoskeleton were deeply examined during the preliminary experiments. Even 

though subjects were trained by professional staff to simulate walking patterns accordingly big 

difference is expected in use by actual people with paraplegia.  

The continuity of gait cycle with @halo was affected by the short time delay caused by pressing of the 

manual switch button in order to activate the motor for the next step. In order to eliminate this delay 

pressure sensors were sealed in soles of the @halo device, these sensors were not used in preliminary 

experiments. Fully automated walking without the necessity of activating motor by the button is 

expected while these sensors will be operational. This new functionality will improve smoothness and 

continuity of walking pattern, this, however, needs to be further tested.  
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